Background: Vitamin D (VitD) and parathyroid hormone (PTH) play important roles in calcium metabolism and skeletal homeostasis. Estimates of the VitD status in several European countries show large variations between them. In addition, no national population-based estimate has been published. VitD and PTH may also play important roles in cardiovascular risk, which has been suggested to be associated with metabolic syndrome (MetS) and is very prevalent in Portugal. The goal of our study was to evaluate the prevalence of hypovitaminosis D and its determinants as well as PTH serum level determinants and associations of the 25-hydroxyvitamin D and PTH serum levels with MetS and its individual components in a sample of the Portuguese mainland population.
Background
Vitamin D (VitD) is a fat-soluble vitamin that is involved in the metabolism of calcium and skeletal homeostasis [1] . Cholecalciferol (VitD3), the main source of VitD, is synthesized in the skin from the cholesterol precursor 7-dehydrocholesterol through exposure to ultraviolet (UV) B radiation. VitD from dietary sources and sun exposure is not biologically active and must undergo two hydroxylations in the human body for activation. VitD is first hydroxylated by the liver to form 25-hydroxyvitamin D [25(OH)D], also known as calcidiol, which is then primarily hydroxylated by the kidney to form the physiologically active 1α,25(OH) 2 D, or calcitriol. Calcidiol has low bioactivity but is the main form of VitD in the blood stream and best indicator of VitD status.
According to a recent review [2] , estimates of the VitD status in several European countries showed large variations. No national population-based study has been published, and the only available Portuguese studies involved regional or specific groups using hospital-based recruitment. According to a recent study in Portuguese hospitalized patients, VitD deficiency or inadequacy was present in 60.3% of these patients [3] .
An inadequate VitD status may play a significant role in cardiovascular disease (CVD) risk [4] , and several observational studies suggest an association between hypovitaminosis D and metabolic syndrome (MetS), which represents a cluster of interrelated risk factors for CVD [5] . In addition, MetS is highly prevalent in Portugal. [6] An evaluation of the potential associations of MetS and its individual components with VitD levels may support and enhance current knowledge of the effects of VitD on CVD risk factors.
Parathyroid hormone (PTH), a hormone with a close regulatory relationship with VitD, has also been associated with CVD events [7] . Findings from populationbased cross-sectional studies have suggested a positive association between PTH and MetS among older men [8] and in morbidly obese individuals [9] . The goal of our study was to evaluate the prevalence of hypovitaminosis D and its determinants as well as PTH serum levels determinants and associations of the 25(OH)D and PTH serum levels with MetS and its individual components in a sample of the Portuguese mainland population.
Methods

PORMETS (PORtuguese METabolic
) is a national cross-sectional study that includes a sample of adults registered in primary health care centers of the Portuguese mainland. Information regarding PORMETS recruitment proceedings and methodology have been previously published by the authors [10] . According to national legislation, all citizens are enrolled in the health center of their zone of residence. In each of the eighteen Portuguese mainland administrative regions (districts), two health care centers were included. One was in the district's capital and the other represented a non-urban area. In each center, participants were randomly selected from the general practitioners' lists, and 120 participants were evaluated under an inclusion criterion of 18 years of age or older. The selected participants went to the health center specifically to participate in the study. A total of 4105 participants were evaluated, and information was collected from February 2007 to July 2009. Ten participants were excluded from data analysis because they were pregnant at the time of the interview. Therefore, 4095 participants remained.
For this particular study, 500 participants (286 women and 214 men) were randomly selected from the initial PORMETS sample. This sub-sample size was calculated considering a margin of error of 5%, confidence level of 95% and response distribution of 50% for the proportion of participants with 25(OH)D levels below 30 ng/mL (75 nmol/L). The comparison between the selected and unselected participants did not show significant differences, except for systolic blood pressure and for insulin serum levels ( Table 1 ). The PORMETS study was approved by the Portuguese Regional Health Administrations, the Ethics Committee of the São João Hospital E.P.E. and the Portuguese Data Protection Authority. Additionally, approval from each Clinical Director of the health care centers was received, and all participants provided written informed consent.
A structured questionnaire was administered to collect information on personal medical histories and sociodemographic and behavioral characteristics. The participants were considered current smokers if they smoked daily or occasionally, former smokers if they had stopped smoking for at least 6 months, and non-smokers if they had never smoked. Regarding alcohol intake, participants were categorized as occasional drinkers if they had less than one drink per day, daily drinkers if they consumed at least one drink per day, former drinkers if had stopped drinking for at least 6 months and non-drinkers if they had never consumed any type of alcoholic beverage. Regular physical exercise was considered when the participant was engaged in some leisure time physical activity on a repeated basis for at least 30 min a week. Participants who were evaluated in the JuneNovember period and December-May period were classified, respectively, as "higher" and "lower" UV radiation exposure.
Anthropometrics measurements were performed, including weight, height (Ht) and waist (WC) and hip (HC) circumferences. Weight was measured to the nearest 0.1 kg using a digital scale, and Ht was measured to the nearest centimeter in the standing position using a wall stadiometer. WC was measured midway between the bottom of the rib cage and iliac crest, and HC was measured as the maximum circumference of the buttocks. The waist-to-height ratio (WHtR) was calculated as the WC divided by the Ht, and the waist-to-hip ratio (WHR) was calculated as the WC divided by the HC. Body mass index (BMI) was calculated as weight in kilograms divided by the square of Ht in meters, and participants were classified according to the World Health Organization criteria [11] Blood pressure (BP) was measured on a single occasion using a standard mercury sphygmomanometer with the cuff on the right upper arm after a 10-min rest. Two BP readings were taken and the mean of the two readings was calculated. If the difference between the two measurements was greater than 5 mmHg for the systolic or the diastolic BP, a third measurement was taken and the mean of the two closest values was registered.
Fasting venous blood samples were collected by trained nurses in each health care center, and the samples were stored at −80°C.
A chemiluminescent immunoassay using a Liaison automated analyzer (Diasorin Iberia, Madrid, Spain) was used to measure 25(OH)D. Biointact PTH and insulin were determined by an electro-chemiluminescent immunoassay using a Cobas e411 automated analyzer (Roche, Amadora, Lisboa, Portugal). High sensitivity Creactive protein (hs-CRP) was measured using a particleenhanced immunonephelometric assay on a BN ® II laser nephelometer. (Siemens Healthcare, Amadora, Lisboa, Portugal). All other parameters (glucose, total cholesterol, triglycerides, HDL-cholesterol, calcium, phosphorus, albumin and creatinine) were measured using conventional methods with an Olympus AU5400 ® automated clinical chemistry analyzer. (Beckman-Coulter ® ,-Oeiras, Lisboa, Portugal). Insulin resistance was estimated by the Homeostatic Model Assessment (HOMA), from fasting glucose (mmol/L) and insulin (μUI/mL), as the product of the two divided by 22.5.
VitD adequacy was classified according to the Institute of Medicine (IOM) recommended cut-off values for 25(OH)D levels [12] : deficiency below 12 ng/mL (30 nmol/L); inadequacy ≥ 12 and <20 ng/mL (≥ 30 and <50 nmol/L) and sufficiency ≥ 20 ng/mL (≥ 50 nmol/L). Hyper-and hypoparathyroidism were defined as PTH levels above and below the standard laboratory reference range (10-65 pg/mL), respectively, and a "blunted PTH response" was defined as a PTH level within the reference range in the presence of 25(OH)D ≤ 12 ng/mL (30 nmol/L) [13] .
MetS was defined according to the Joint Interim Statement [14] and was considered to be present if at least three (any) of the following characteristics were present: fasting glucose ≥100 mg/dL or drug treatment for elevated glucose; systolic BP ≥130 and/or diastolic BP ≥ 85 mmHg or antihypertensive drug treatment in a patient with a history of hypertension; triglycerides ≥150 mg/dL (1.7 mmol/L) or drug treatment for elevated triglycerides; HDL cholesterol <50 mg/dL (1.3 mmol/L) in women and <40 mg/dL (1.0 mmol/L) in men or drug treatment for reduced HDL-cholesterol; WC ≥88 cm in women and ≥102 cm in men ("European" criteria).
Statistical analysis: Quantitative data are described as the median values and corresponding 25th (P25) and 75th (P75) percentiles. Counts and proportions were reported for categorical variables. Proportions were compared using the chi-square test or Fisher's exact test when appropriate. Mann-Whitney U test was used to compare differences between two independent groups. Multiple linear regression models, with the PTH and 25(OH) D levels as dependent variables, were used to calculate the regression coefficients and their respective 95% confidence intervals (95%CI) of several independent variables, including gender, age, level of education, drinking and smoking habits, UV radiation exposure, physical exercise, Ht, weight, BMI, WC, HC, WHR, WHtR, systolic and diastolic BP, glucose, triglycerides, HDL-cholesterol, total cholesterol, insulin, HOMA, hs-CRP, albumin, calcium, phosphorus and creatinine. The final model was adjusted for age and sex. Unconditional logistic regression models with MetS, its individual components or a "blunted PTH response" as dependent variables were computed, and the odds ratios (OR) and their respective 95% CI were estimated after adjustments for confounding variables. Results with a two-tailed p value <0.05 were considered statistically significant. Statistical analysis was performed using SPSS version 22® software.
Results
A total of 500 participants (286 women and 214 men) with a median age (P25, P75)) of 53 (41, 67) years [52 (40, 66) years in women and 56 (45, 68) years in men] were included in the present analysis.
The sample characteristics of the 500 participants are presented in Table 2 . The median 25(OH)D level was 13.8 ng/mL, with a maximum value of 43.5 ng/ mL. According to the VitD adequacy categories, deficiency was present in 37.7% of participants, inadequacy was identified in 47.9% of participants and sufficiency was determined in 14.4% of participants. A seasonal variation of serum 25(OH)D was observed, with significantly higher median values in June-November period compared to the December-May period (p 0.001). The median serum PTH level was 38.1 pg/mL, and hypo-and hyperparathyroidism were present in 0.8% and 9.4% of the participants, respectively.
A "blunted PTH response" was present in 89.2% of the 185 participants, with serum 25(OH)D levels of less than or equal to 12 ng/mL (Table 3) . A "blunted PTH response" was more frequent in men (OR: 4.100; 95%CI: 1.289, 13.036), and the frequency decreased with age (OR: 0.960; 95%CI: 0.930, 0.992). Furthermore, participants with a "blunted PTH response" had significantly higher serum phosphorus levels (OR: 4.590; 95%CI: 1.425, 14.781) and lower hs-CRP levels (OR: 0.493; 95%CI: 0.258, 0.943).
The associations of the PTH and 25(OH)D levels with various socio-demographic, behavioral and clinical characteristics are presented in Table 4 .
The serum levels of PTH and 25(OH)D showed no significant association between them (p = 0.770). MetS was present in 191 participants (38.4%), and its prevalence was slightly higher in women than in men, but without statistical significance (40.7% versus 35,2%, p = 0.213). The MetS prevalence significantly increased with age (p < 0.001) and with higher HOMA scores (p < 0.001) as well as higher insulin (p < 0.001) and hs-CRP (p = 0.027) levels. 
Discussion
VitD status
We found a high prevalence of VitD deficiency or inadequacy (85.6%) in this sample of the Portuguese population. The high prevalence is supported by previously published national evidence (VitD deficiency or inadequacy ranging from 60.3% to 92.7%), although specific population groups were recruited in hospital settings [3, 15, 16] . In addition, according to a recent study, conducted in the city of Porto [17] , which included 198 healthy participants, VitD deficiency or inadequacy was present in 48%. In the winter period, these values reached 74%. Compared with other European [2] and worldwide [18] populations, the median 25(OH)D levels observed in this study were relatively low despite the favorable latitude. The high prevalence of pre-obesity and obesity may have contributed to these figures. Furthermore, VitD intake in the Portuguese population is relatively low [2] .
Food fortification, VitD supplementation, sunlight exposure and UV protection habits may also be contributing factors to the differences observed across various countries. Several European countries have adopted measures at the national level to implement VitD supplementation and food fortification policies, but they are not harmonized across Europe [2] . In addition, dietary reference values for VitD intake have been a subject of debate in some countries. In Portugal, there is no legislation of food fortification and VitD supplementation (700-800 IU/day) in adults is only recommended for elderly populations (> 65 years) and subjects with osteoporosis, osteopenia or those with a major risk for osteoporosis [19] .
Functional hypoparathyroidism and the association between VitD and PTH
Despite all of the complex interrelationships, no significant association between PTH and 25(OH)D was observed. This lack of association was previously reported [20] and may be partly explained by a "blunted PTH response" to VitD deficiency [13] . In fact, most participants with Vit D deficiency had a "blunted PTH response" (89.2%). This response cannot be explained by the type of definition of hypovitaminosis D used (IOM) because according to its definition only participants with serum levels of 25 (OH) D lower than 12 ng/mL and with normal serum PTH levels were considered. The "blunted PTH response" may correspond to a protective mechanism of bone mass, through the development of a functional hypoparathyroidism [13] . In addition to parathyroid dysfunction, other factors may contribute to the modification of the PTH response to low VitD levels [21] [22] [23] , such as age, gender, BMI, kidney dysfunction, smoking, and serum calcium levels. Our results did not show a significant contribution of smoking, BMI and serum levels of calcium and creatinine to the "blunted PTH response", but we found positive associations with male gender and serum phosphorus levels and negative associations with age and serum levels of hs-CRP. A positive association was already described between PTH and hs-CRP serum levels [24] .
In addition to the "blunted PTH response", other factors may have contributed to the lack of association between the PTH and 25(OH)D levels. The method of measurement strongly influences the VitD and PTH levels and may modify the relationship between them. Specifically, the chemiluminescent immunoassay may have underestimated the 25(OH)D measurements [25] . Regarding the third generation PTH assay, freezing may have contributed to reduced PTH levels [26] . However, previous studies on 25(OH)D showed great stability under freezing conditions [27] . Moreover, despite being a useful biomarker of VitD supply to target tissues, 25(OH)D may not be a good functional marker of the biologically active form, 1α,25(OH) 2 D, relative to PTH regulation. Finally, the upper reference value of normal serum PTH levels (65 pg/mL) that is usually used may not be appropriate as a cut-off point for the definition of high PTH levels [13, 21] .
VitD, PTH and MetS associations
To the best of our knowledge, this is the first national study to evaluate 25(OH)D and PTH levels and their associations with MetS.
According to our data, MetS prevalence was high and increased with age, HOMA score, and insulin and hs-CRP levels (data not shown). These results are supported by previous studies [28] . Our study showed a significant positive association between PTH and age even after adjusting for sex. By contrast, no significant association between 25(OH)D and age was observed. According to a systematic review, PTH levels are positively correlated with age [23] . We also found a significant negative association between serum PTH levels and male gender [29] .
Although higher PTH levels have been associated with increased risk of CVD [7] , insulin resistance, blood pressure and obesity [8, 9] we did not find a significant association between MetS and PTH levels in the adjusted model. Others have found a positive association between PTH and MetS only among older men [8] and in morbidly obese individuals [9] .
We found positive associations of PTH serum levels with BMI, WC and the WC component of MetS. As expected, the association with the WC component of MetS was lost after further adjustment for BMI. The link between PTH levels and increased body fat is supported by the evidence of increased body weight in primary hyperparathyroidism [30] and by the positive association with BMI [31] . This association may be even stronger in visceral adipose tissue [32] , explaining the stronger correlation found with WC. PTH may increase adipose mass, especially in the visceral compartment, by increasing the influx of calcium into adipocytes.
The 25 (OH) D levels showed a positive association with participation in physical exercise, which persisted after adjusting for sex and age. Regular outdoor physical activity is associated with higher levels of serum VitD [33] , which can be partly explained by higher UV radiation exposure. Unfortunately, in this study, no data were available on the specific type of exercise practiced by the participants in our sample (indoor versus outdoor).
MetS was inversely associated with 25(OH)D levels even after adjusting for age and sex; however, the association was lost after further adjustment for BMI. A recent meta-analysis showed that the prevalence of MetS decreased at higher 25(OH)D concentrations [5] .
In addition, the prevalence of hypovitaminosis D is generally increased in adults with CVD, namely in coronary heart disease and heart failure [34] , and low 25(OH)D levels are associated with an increased risk of ischemic heart disease, myocardial infarction, and premature death [4] . Furthermore, results from a recent meta-analysis indicate a non-linear decrease in overall mortality as the 25(OH)D levels increase [35] . Low levels of vitamin D have been reported to be associated not only with obesity and insulin resistance but also with glucose intolerance, dyslipidemia, increased renin gene transcription, endothelial dysfunction, proliferation of vascular smooth muscle cells, thrombogenecity and inflammation [5] . However, low levels of vitamin D may be simply secondary to inflammation and other phenomena associated with obesity and insulin resistance.
We found a significant positive association of the 25(OH)D levels with BMI, but not with the WC and WC components of MetS. A bi-directional Mendelian randomization analysis [36] suggested a causal role of obesity for the risk of hypovitaminosis D. However, any causal effect of hypovitaminosis D in obesity is likely to be small. The possible mechanisms for the lower 25(OH) D concentrations in obesity [37] include: lower VitD dietary intake, reduced sunbathing habits due to a decreased willingness to expose the body, sedentary lifestyle and mobility limitations, decreased bioavailability due to sequestration in the adipose tissue and a volumetric dilution effect related to greater body weight.
A negative association of 25(OH)D with glycemia was observed, but not with the glycemic component of MetS. Several longitudinal cohort studies and a recent metaanalysis [38] demonstrated an inverse association between the 25(OH)D levels and increased risk of type 2 diabetes. VitD status can interfere with insulin secretion and insulin resistance. VitD stimulation of β-cell VDRs and local activation of the 1-α-hydroxylase enzyme may contribute to the modulation of pancreatic β-cells calcium influx and insulin synthesis. VitD may also increase insulin sensitivity by increasing insulin receptor expression and by stimulating insulin-induced glucose transport.
A negative association was present between the 25(OH)D levels and triglycerides levels [39] and triglycerides component of MetS. Although the mechanisms are not clear, they may involve metabolism of triglycerides through modulation of the intracellular calcium content of adipocytes and hepatocytes. Hypovitaminosis D-related inflammation and insulin resistance may be other contributing factors.
Although no linear association was found between diastolic or systolic BP and the 25(OH)D levels (data not shown), the 25(OH)D levels showed a significant association with the BP component of MetS. According to the literature, VitD is inversely associated with BP [40] , and several mechanisms have been proposed to be related to hypovitaminosis D and hypertension [41] , including disruption of the negative endocrine regulation of renin gene expression, secondary hyperparathyroidism, and enhanced vascular tone through direct or indirect dysfunction of the endothelial and vascular smooth muscle cells.
Also, the associations observed between Mets and its individual components and PTH and 25 (OH) D serum levels were generally weak. In fact, this was not surprising as the variables considered in those associations were continuous and therefore the calculated ORs represent the odds of an outcome occurring for an increased unit of PTH or 25(OH)D serum levels.
Lastly, one must acknowledge some additional limitations of this study. Firstly, due to its cross-sectional nature, no causal relation can be inferred from the significant associations observed. Also, and finally, one could expect type I error in the evaluation of the crude associations due to multiple comparisons. Nevertheless, the authors do not expect that this could have occurred in the final model defined for this study, as the number of tested variables was in fact small.
Conclusion
The present study showed a high prevalence of hypovitaminosis D in a sample of the Portuguese population. Compared with other European and worldwide populations, our median level of 25(OH)D (13.8 ng/mL) is relatively low. The prevalence of hypovitaminosis D was higher in participants with higher BMI and sedentary lifestyles.
The PTH levels showed a significant positive association with BMI, WC and the WC component of MetS, suggesting a possible role in the pathophysiology of obesity. The 25(OH)D levels were negatively associated with BMI, glucose and triglycerides levels as well as with MetS and its BP and triglycerides components, indicating that hypovitaminosis D may contribute to the pathophysiology of MetS.
Considering the low levels and inadequate intake of VitD, the frequency of overweight, and potentially insufficient solar exposure in the Portuguese population, it is crucial to develop national policies to increase awareness of the importance of VitD for health and to develop strategies for the identification of vitamin D deficiency, especially in at-risk groups. 
